Xenopus laevis (African clawed frog) has two types of proto-type galectins that are similar to mammalian galectin-1 in amino acid sequence. One type, comprising xgalectin-Ia and -Ib, is regarded as being equivalent to galectin-1, and the other type, comprising xgalectin-Va and -Vb, is expected to be a unique galectin subgroup. The latter is considerably abundant in frog skin; however, its biological function remains unclear. We determined the crystal structures of two proto-type galectins, xgalectin-Ib and -Va. The structures showed that both galectins formed a mammalian galectin-1-like homodimer, and furthermore, xgalectin-Va formed a homotetramer. This tetramer structure has not been reported for other galectins. Gel filtration and other experiments indicated that xgalectin-Va was in a dimer-tetramer equilibrium in solution, and lactose binding enhanced the tetramer formation. The residues involved in the dimer-dimer association were conserved in xgalectin-Va and -Vb, and one of the Xenopus (Silurana) tropicalis proto-type galectins, but not in xgalectin-Ia and -Ib, and other galectin-1-equivalent proteins. Xgalectin-Va preferred Galβ1-3GalNAc and not Galβ1-4GlcNAc, while xgalectin-Ib preferred Galβ1-4GlcNAc as well as human galectin-1. Xgalectin-Va/Vb would have diverged from the galectin-1 group with accompanying acquisition of the higher oligomer formation and altered ligand selectivity.
Introduction
Galectins, a β-galactoside-specific soluble lectin family, are widely distributed in metazoans and fungi (Barondes, Castronovo, et al. 1994; Barondes, Cooper, et al. 1994; Cooper and Barondes 1999; Cooper 2002) . More than 15 members have been identified in mammals, and are classified into three structural types, such as proto, chimera and tandem-repeat types (Hirabayashi and Kasai 1993; Cooper 2002; Sato et al. 2009; Than et al. 2012) . The galectin family members show a variety of expression patterns, ligand specificities and biological functions. Mammalian galectin-1, one of the most studied galectins, is a representative proto-type galectin, which comprises only a carbohydrate-binding domain. Galectin-1 is expressed in many tissues and cells, and is involved in many functions such as induction of cell death, cell adhesion and differentiation (Camby et al. 2006; Rabinovich et al. 2007) .
The galectin family is interesting with regard to molecular evolution, because of its widely divergent functions and structures. Some mammalian galectins, including galectin-1, regulate a variety of immune cells (Rabinovich et al. 2007 ). Galectin-7 in keratinocytes is involved in wound healing (Cao et al. 2002) . Congerin, a conger eel galectin, agglutinates certain kinds of bacteria (Kamiya et al. 1988; Nakamura et al. 2007) . Recently, a marine sponge (Cinachyrella sp.) galectin was reported to modulate glutamate receptor ion channels (Ueda et al. 2013; Copits et al. 2014) . These functions can be controlled through the mode of multivalency as well as the ligand-binding specificity (Brewer 2002; Earl et al. 2011) . The homodimer of galectin-1 is a well-known galectin quaternary structure. Galectin-1 forms a dimer via the interface composed of the terminal β-strands to expand the two β-sheets. An oligomer of the chimera-type galectin is attained through the association with the non-carbohydrate-binding domain (Ahmad et al. 2004 ). In addition, several non-mammalian galectins have been reported to form oligomers in unique manners (Shirai et al. 1999; Walser et al. 2004; Ban et al. 2005; Freymann et al. 2012) .
Secretions from amphibian skin have been studied as a source of antimicrobial substances, toxins and other bioactive molecules (Cardoso et al. 2014; Conlon et al. 2014) . Skin galectins from Xenopus laevis were reported to be considerably abundant in granular glands of the skin (5% of the total proteins) (Marschal et al. 1994) . When a frog faces stressful circumstances, the granular glands are caused to contract by catecholamine to excrete the compounds. Therefore, the skin galectins are expected to play a role in the defense against predators and/or infection. The two skin proto-type galectins from X. laevis, xgalectin-Va and -Vb, were identified in previous works (Marschal et al. 1992; Shoji et al. 2003) . Two other proto-type galectins, xgalectin-Ia and -Ib, have also been identified (Shoji et al. 2002) . While xgalectin-Va and -Vb are predominantly expressed in the skin, xgalectin-Ia and -Ib are expressed widely in the frog body like mammalian galectin-1. Both the DNA and amino acid sequences of human galectin-1 are more similar to those of xgalectin-Ia/Ib than to those of xgalectin-Va/Vb (Table I) . From these observations, xgalectin-Ia and -Ib were assigned as equivalent proteins to mammalian galectin-1.
Xenopus laevis is an allotetraploid, which would be the reason for the existence of the two similar skin galectins and the two similar galectin-1-like proteins. The primary sequence identity of xgalectin-Va and -Vb is 78%, and that of xgalectin-Ia and -Ib is 91%. In this study, we chose xgalectin-Va for analysis, because xgalectin-Va is more abundant in the skin than xgalectin-Vb. The expression profiles of xgalectin-Ia and -Ib vary by tissue. For example, the major galectin in liver is -Ia, and that in kidneys is -Ib (Shoji et al. 2002 (Shoji et al. , 2003 . We analyzed xgalectin-Ib, because the recombinant protein could be obtained more efficiently than for xgalectin-Ia.
We determined the crystal structures of xgalectin-Va and -Ib. We revealed that xgalectin-Va formed a homotetramer through dimerdimer association, while xgalectin-Ib only formed a dimer in the same manner as human galectin-1. Xgalectin-Va had a different carbohydrate specificity compared with xgalectin-Ib and human galectin-1. It was suggested that the frog skin galectins diverged from the galectin-1 group to perform a novel function with accompanying tetramer formation capability and altered ligand specificity.
Results

X-ray crystallographic structures of Xenopus galectins
The crystal structures of xgalectin-Va and -Ib are presented in Figure 1A and B. The two crystals belonged to the C2 space group (Table II) . There were two protein molecules per asymmetric unit for xgalectin-Va, and one per unit for xgalectin-Ib. Both structures comprised a β-sandwich composed of six-stranded (S1-S6) and five-stranded (F1-F5) β-sheets, which is typical of the galectins so far reported. The root-mean-square deviation values for Cα atoms among human galectin-1, xgalectin-Ib and xgalectin-Va were comparable (Table I) , although the amino acid sequence similarity of human galectin-1 and xgalectin-Ib was greater than those of the two other pairs.
The structures were obtained for the lactose-bound forms. Although lactose was not intentionally added to the xgalectin-Va sample, the electron density of carbohydrate was clearly observed at the ligand-binding site. The lactose used for the purification was not completely removed on dialysis. We also prepared a xgalectin-Va sample in the absence of lactose exclusively; however, in contrast to the lactosecontaining sample, no fine crystal was obtained on screening. In the case of xgalectin-Ib, lactose was intentionally added to the sample during dialysis. Dynamic light scattering (DLS) measurements suggested that xgalectin-Va and -Ib were rather unstable in the absence of lactose.
The crystal structures indicated that the lactose-binding modes of these two galectins were basically consistent with those of the other reported galectins. However, Arg74 in human galectin-1, one of the seven key residues for the ligand binding, was replaced by Lys76 in xgalectin-Va. Lys76 in xgalectin-Va interacted with the glucose 2-OH group via a water molecule ( Figure 1C ), while Arg74 in xgalectin-Ib directly interacted with the glucose 2-OH group ( Figure 1E ). In addition to the key residues, Arg32, Tyr54 and Ser55 of xgalectinVa, and His52 (indirect) and Glu53 of xgalectin-Ib were involved in the lactose binding ( Figure 1D and F). In the binding cleft of xgalectin-Va, a malonate molecule, which was from the crystallization reservoir, was observed next to the lactose ( Figure 1D ). Elongation or modification of the non-reducing end of the ligand will fill this space.
An intramolecular disulfide bridge was observed between Cys17 and Cys89 of xgalectin-Ib. The electron density map showed both free and bonded cysteine residues (Supplementary data, Figure S1 ). Disulfide bonding of this cysteine pair in vitro was also reported for bovine galectin-1 (Cys16-Cys88) (Tracey et al. 1992; Bourne et al. 1994) . These cysteines are conserved in many other galectin-1s, but are not conserved in xgalectin-Va/Vb. There were two vicinal pairs of cysteine residues (Cys46-Cys48 and Cys97-Cys112) in xgalectinVa; however, there was no disulfide bond in the crystal structure.
The PDBePISA server (Krissinel and Henrick 2007) proposed a possible homodimer of xgalectin-Ib ( Figure 2A ) and a homotetramer of xgalectin-Va ( Figure 2B ). The dimer of xgalectin-Ib was consistent with those of galectin-1s from other vertebrates. Two intermolecular β-sheets were formed by the F1 and S1 strands. The homotetramer of xgalectin-Va also included a galectin-1-like homodimer (Mol-A and -B in Figure 2B ). The tetramer was formed through the symmetric association of two dimers (Mol-A/B and -C/D). PDBePISA estimated that the . The interface of the dimer-dimer association mainly involved the F2 and F3 strands, and the S6-F3 and F4-F5 loops. For 10 residues, over 50% of the surface was buried by the Mol-A and -D interaction. These residues included five hydrophobic residues, Pro81, Met89, Ile91, Pro103 and Gly105 ( Figure 2C ). The hydrophobic interaction of these residues would contribute to this association. Furthermore, there were hydrogen bonds, Lys83N-Asp104O and Ser86Oγ-Gly105O, and salt bridges, Glu21Oε-Arg23Nη, between Mol-A and -D ( Figure 2D ).
Oligomer formation of xgalectin-Va and -Ib in solution
The oligomer formation of xgalectin-Va and -Ib was examined by DLS measurements (Figure 3) . The hydrodynamic radius of xgalectin-Va at 32 μM with lactose was ∼3.3-3.5 nm, corresponding to a 55-60 kDa globular protein. In the absence of lactose, the radius and estimated molecular weight were reduced, 3.0-3.2 nm and 45-50 kDa, respectively. These values were significantly larger than those for human galectin-1 (∼2.7 nm, 35 kDa, data not shown). The results suggested that xgalectin-Va formed a higher oligomer than a dimer, and that the formation of this oligomer was promoted by lactose binding. The radius of xgalectin-Ib was 2.6-2.7 nm regardless of whether lactose was added or not, corresponding to ∼30 kDa. These data were comparable with those for human galectin-1, suggesting galectin-1-like dimer formation.
Gel-filtration chromatography of xgalectin-Va also demonstrated the presence of a higher oligomer component (Figure 4 ). Xgalectin-Va gave two distinct elution peaks. Compared with the standard proteins, the former component was ∼52 kDa, and the other one was ∼34 kDa. Although the interaction between galectin and the Superdex gel could affect the elution pattern, at least, xgalectin-Va adopted two forms of different sizes. The elution of xgalectin-Ib gave one peak at ∼36 kDa. From the results of the DLS measurement and X-ray crystallography together, we determined that xgalectin-Va formed both a dimer and a tetramer in solution, while xgalectin-Ib predominantly formed a dimer.
The hydrodynamic radius of xgalectin-Va in the presence of lactose was larger than that in the absence of lactose. To confirm the lactose dependence of the tetramer formation, a chemical cross-linking experiment was performed using bis(sulfosuccinimidyl) suberate (BS 3 ). BS 3 (arm length: 11.4 Å) can cross-link Mol-A and -D, as the distance between Lys83 and Lys106 is only 7.5-8.5 Å. Between Mol-A and -B, there are no Lys residues that can be cross-linked. In the experiment, a component of 30 kDa was detected concentration dependently ( Figure 5 ). This would reflect association-dissociation of Mol-A and -D at micromolar concentrations. The small amount of the cross-linked component could be due to low efficiency of the crosslinking. Intramolecular Lys28 is also close to Lys83 (5.7-8.8 Å), and thus it will compete with the intermolecular cross-linking. At least, the cross-linking was clearly enhanced when lactose was present. This result was consistent with that of the DLS measurement. For xgalectin-Ib, the distance between the Lys128 residues of Mol-A and -B is 11.8 Å. A cross-linked component (∼28 kDa) was detected after the BS 3 treatment of xgalectin-Ib, and lactose dependence was not observed (data not shown).
Lectin activities of xgalectin-Va and -Ib
The hemagglutination activities of xgalectin-Va and -Ib were examined using trypsin-treated rabbit erythrocytes (Supplementary data, Figure S2 ). In spite of the higher oligomer formation, xgalectinVa exhibited much lower activity (400-800 nM) than xgalectin-Ib (6.25-12.5 nM) and human galectin-1 (3.13-6.25 nM). The activity of the galectin purified from X. laevis skin secretion was estimated to be comparable with that of recombinant xgalectin-Va. The binding affinity of xgalectin-Va as to the saccharides on the red blood cell surface would be weak. Carbohydrate-binding affinities were compared among the three galectins by fluorescence spectroscopy and surface plasmon resonance measurement. We compared three basic galectin-binding disaccharides, lactose (Galβ1-4Glc), N-acetyllactosamine (LacNAc, Galβ1-4GlcNAc) and core-1 with a threonine residue (Galβ1-3GalNAcαThr). The fluorescence spectra of the galectins were blue-shifted and quenched upon carbohydrate binding (Supplementary data, Figure S3 ). The dissociation constants (K d ) estimated on Hill plot analyses are shown in Table III . The values for human galectin-1 were comparable with those estimated by other methods (Nesmelova et al. 2010; Iwaki et al. 2011 ). Human galectin-1 and xgalectin-Ib preferred LacNAc to lactose, and hardly bound to core-1. On the other hand, xgalectinVa strongly bound to lactose and core-1, but the affinity to LacNAc was relatively weak.
A surface plasmon experiment involving a sensor chip with asialofetuin immobilized on it was performed to measure the inhibitory effects of the saccharides on galectin-asialofetuin binding (Supplementary data, Figure S4 ). The IC 50 values are also informative for comparing the binding specificities. The results were qualitatively consistent to those obtained on fluorescence spectroscopy (Table III) . When the protein concentration is much smaller than K d , IC 50 is theoretically approximate to K d for monovalent binding, and IC 50 can deviate from K d for multivalent binding. The obtained values for xgalectin-Va were larger than expected from the results of fluorescence spectroscopy maybe reflecting the higher oligomer formation.
Amino acid sequence analyses
We searched the NCBI Reference Sequence database for the galectin sequences of diploid clawed frog Xenopus (Silurana) tropicalis. We obtained these two sequences: "uncharacterized protein LOC100216286" (accession ID, NP_001135709), which is quite similar to xgalectin-Va and -Vb, and "predicted galectin-1-like" (XP_002934260), which is quite similar to xgalectin-Ia and -Ib. In this study, we name these proteins xtgalectin-V and -I, respectively. Galectin-1 orthologs have also been reported for other frogs, Rhinella (Bufo) arenarum (Argentine toad) and Rana catesbeiana (bullfrog) (Ahmed et al. 1996; Uchiyama et al. 1997 ). However, these galectins are present particularly in ovary. The skin gland galectins may be a hallmark of the Xenopodinae, and may be related to their behavior, i.e., exclusively aquatic.
We estimated the evolutionary distances from the amino acid sequences of representative proto-type galectins. The mean distance among xgalectin-Va, -Vb and xtgalectin-V was 0.239 ± 0.013; among xgalectin-Ia, -Ib and xtgalectin-I was 0.108 ± 0.009; and between the two groups was 1.065 ± 0.054, suggesting that these two groups are distinct. We grouped the former three galectins as "xgalectin-V", and the latter three as "xgalectin-I", respectively. The distances showed that these groups, especially xgalectin-I, were closer to mammal and chicken galectin-1 than to galectin-2, and fish galectin-1 (data not shown). 
We reconstructed a phylogenetic tree from the amino acid sequences using the maximum likelihood method (Figure 6 ). The three xgalectin-V proteins clustered together with a large bootstrap value, and so did the xgalectin-I proteins. These two groups were close to each other, and they should probably be included in the tetrapod galectin-1 group. The previous comprehensive phylogenetic analysis also revealed that xgalectin-Ia, Ib, Va (denoted as Ic in that article) and Vb were included in the tetrapod galectin-1 group on the tree obtained by the distance method (Houzelstein et al. 2004 ).
Discussion
The crystallography and other experiments indicated the tetramer formation of xgalectin-Va. The tetramer was detected with micromolar concentrations (Figures 3, 4 and 5) , however, it seemed to easily dissociate upon dilution, as suggested by the observation that the gel-filtration conditions (such as the sample volume) significantly affected the dimer-tetramer ratio (data not shown). Does this weak oligomerization have any biological significance? When we obtained ∼1 mL of secretion from frog skin by adrenalin stimulation, the galectin purified from this secretion by affinity chromatography amounting to ∼1.5 mg. The skin galectins would be stored at much higher than 1 mg/mL (>60 μM) in skin glands, and therefore the tetramer can be formed in glands and just after secretion. It is possible that the high concentration storage of galectin in glands is facilitated by the tetramer formation, which reduces the accessible molecular surface to prevent non-specific aggregation.
If a lectin-glycan lattice or aggregation is firmly constructed with natural ligands, the tetramer can be maintained even when diluted. Homogeneous lattice structures will stabilize the intermolecular contacts. Weak oligomerization is also observed for other lectins, and the lectin-carbohydrate lattice formation depends on such weak interactions (Hamelryck et al. 2000) . Furthermore, clustering of lectins through multivalent ligands is also considered to enhance lectin aggregation. The hemagglutination by human galectin-1 observed at nanomolar concentrations (Supplementary data, Figure S2 ) could be due to these effects. Human galectin-1 exists mainly as monomers at these concentrations, according to the low-micromolar dimer dissociation constant (Salomonsson et al. 2010 ).
The mechanism of the tetramer enhancement on lactose binding (Figures 3 and 5) is unclear at present. X-ray crystallography of other galectins revealed that carbohydrate binding to most galectins did not induce major changes in the overall structure. On the other hand, the recent studies on galectin-1, -3 and -7 involving NMR and MD simulation revealed changes in structural dynamics not only at the ligand binding site but also at distant sites (Diehl et al. 2010; Nesmelova et al. 2010; Ermakova et al. 2013 ). The human galectin-7 dimer, of which the interface is opposite to the ligand binding site, is stabilized by lactose binding (Leonidas et al. 1998; Ermakova et al. 2013) . Motional changes, rather than minor static changes, are considered to be a major factor for this dimer stabilization. Like galectin-7, the xgalectin-Va tetramer could also be stabilized through a long-range effect on the structural dynamics. Recently, as judged on crystallography, a marine sponge (Cinachyrella sp.) galectin was reported to form a homotetramer (Freymann et al. 2012) , which is similar to but different from the xgalectin-Va tetramer ( Figure 7A ). The overall β-sandwich structure of the sponge galectin is twisted, and thus the tetramer is donut-shaped. When Mol-A of the sponge galectin was superposed on that of xgalectin-Va, their Mol-Bs greatly disagreed ( Figure 7B ). On the other hand, the backbone conformation of xgalectin-Va agreed well with those of xgalectin-Ib and human galectin-1 ( Figure 7B and Table I ). The difference in the surface residues between xgalectin-Va and -Ib would primarily contribute to the dimer-dimer association.
The primary sequences of the six clawed frog galectins and human galectin-1 were aligned by comparing the crystal structures (Figure 8 ). The residues involved in the tetramer formation were conserved in the three xgalectin-V proteins, and not necessarily conserved in the three xgalectin-I proteins (Figure 8, black) . The hydrophobic residues at the dimer-dimer interface, Met89, Ile91 and Pro103, in xgalectin-Va are replaced by Ser87, Cys89 and Ser102 in xgalectin-Ib, respectively. Furthermore, Arg23 in the xgalectin-V group is replaced by Lys in the xgalectin-I group. Although a salt bridge can be formed by Lys, the greater distance between Lys and Glu will weaken this interaction. Ser86 in xgalectin-Va, of which the sidechain OH interacted with Gly105O, is replaced by Ala84 in xgalectin-Ib. The tetramer formation is considered to be a common property of the xgalectin-V group, while the xgalectin-I group proteins would predominantly form the dimer. This finding also supports the possibility that the tetramer is associated with the biological role of xgalectin-V.
In spite of the high affinity for lactose and the higher oligomer formation, the hemagglutination activity of xgalectin-Va was much weaker than those of xgalectin-Ib and human galectin-1 (Supplementary data, Figure S2 ). This may be due to its lower affinity for LacNAc (Table III) . On the other hand, xgalectin-Va preferred the core-1 structure, which is one of the typical moieties of mucin. Enhancement of aggregation of the mucin from frog skin is one of the possible roles of the xgalectin-V proteins. If xgalectin-V also binds to microorganisms like congerins (Kamiya et al. 1988; Nakamura et al. 2007) , it may induce aggregation of pathogens with secreted mucin. The higher oligomer formation will be beneficial for enhancing such aggregation. More detailed analyses are needed to clarify the biological function.
The high affinity of xgalectin-Va for lactose could be supported by Arg32, Tyr54 and Ser55 ( Figure 1D ), which are absent in xgalectin-Ib and human galectin-1. The selectivity for LacNAc and core-1 can be explained by the conformation of the S4-S5 loop. The backbone structures of the S4-S5 loops in xgalectin-Ib and human galectin-1 agree well, while that in xgalectin-Va is shifted toward the S6 strand ( Figure 9A ). This may be attributed to Val56 and Lys76 of xgalectinVa (Gly54 and Arg74 of xgalectin-Ib and human galectin-1) ( Figure 9B ). The torsion angles of Gly54 in xgalectin-Ib (phi = 74.8°and psi = 5.1°) are not favored by a valine residue, thus xgalectin-Va cannot adopt such a conformation at this site. Furthermore, the salt bridge formed by Lys76 and Asp57 in xgalectin-Va (Arg74 and Asp55 in xgalectin-Ib) would affect the loop conformation, because a lysine residue is shorter than an arginine one.
We manually superimposed LacNAc and core-1 molecules onto the crystal structures, based on other galectin/carbohydrate complex structures ( Figure 9B and C) . The N-acetyl group of LacNAc approached Val56 of xgalectin-Va, suggesting conformational restriction of the N-acetyl group. On the other hand, for xgalectin-Ib and human galectin-1, Gly54 provides a space for the N-acetyl group. In the case of core-1, the N-acetyl group conflicts with Glu53 in xgalectin-Ib (His53 in galectin-1), while there is a space at this position in xgalectin-Va. This space is provided by the shift of the S4-S5 loop ( Figure 9A ) and the small Ser55 sidechain. Perhaps the loop structure of xgalectin-Va should be modulated to avoid LacNAc, which is abundant on animal organs, and to prefer specific glycan structures such as Galβ1-3GalNAc, which is typical of O-glycans. This carbohydrate selectivity is shared by xgalectin-Vb and xtgalectin-V, as suggested by the amino acid sequences (Figure 8) . Fig. 6 . Phylogenetic tree of representative proto-type galectins based on the amino acid sequences. To construct the tree, alignment was performed using ClustalW. The tree was constructed using the maximum likelihood method in the package of MEGA6 with the WAG+G+I model. The bootstrap values were calculated using 1000 replicates. The root was placed on the marine sponge galectin branch. NCBI accession ID: xgalectin-Va, NP_001079245; xgalectin-Vb, NP_001079042; xtgalectin-V, NP_001135709; xgalectin-Ia, NP_001079039; xgalectin-Ib, NP_001079744; xtgalectin-I, XP_002934260; human galectin-1, NP_002296; human galectin-2, NP_006489; human galectin-7, NP_002298; human galectin-10 NP_001819, NP_002296; bovine galectin-1, NP_786976; rat galectin-1, NP_063969; puffer fish galectin-1, XP_003979112; medaka galectin-1, XP_004071838; congerin-I, BAA36385; congerin-II, BAA36386; chicken galectin-1a, AAS59560; chicken galectin-1b, NP_990826; chicken galectin-2, XP_001234400; and marine sponge (Cinachyrella sp.) galectin, BAM09153. Fig. 7 . Comparison of the structures of xgalectin-Va, xgalectin-Ib, human galectin-1 and a marine sponge galectin. The models were generated using PyMol. (A) Tetramer structures of xgalectin-Va and a marine sponge (Cinachyrella sp.) galectin (PDB ID: 4AGR). (B) Superimposition of marine sponge galectin, xgalectin-Ib (xGIb), and human galectin-1 (human G1, PDB ID: 1GZW) on xgalectin-Va (xGVa). The Mol-As were used for the fitting calculation by PyMol. This figure is available in black and white in print and in color at Glycobiology online. The X. laevis galectin family was comprehensively characterized in the previous work (Shoji et al. 2003) . Despite the sequence similarity to galectin-1, its abundant expression in skin glands and the presence of more galectin-1-like proteins suggested that xgalectin-Va/Vb should have a distinct function. In this study, xgalectin-Va showed different carbohydrate specificity and oligomer formation capability from xgalectin-Ib and human galectin-1, supporting that the xgalectin-V proteins can be regarded as a distinct subgroup from xgalectin-I. Secretory lectins may be valuable for aquatic life, such as for aggregation of mucin and/or microorganisms. Further comparative study will shed light on the functional and structural diversity of galectins.
Materials and methods
Preparation of protein samples
The cDNA sequences of the Xenopus galectins were determined in our previous work (Shoji et al. 2003) . For the preparation of xgalectin-Va (NCBI accession ID, NP_001079245) and -Ib (ID, NP_001079744), the cDNAs were incorporated into the pGEX4T-2 vector using (Galβ1-4GlcNAc, B) and core-1 (Galβ1-3GalNAc, C) were manually placed on the structures of xgalectin-Va, -Ib, and human galectin-1, according to the crystal structures of human galectin-1/ LacNAc complex (PDB entry 1W6P) and human galectin-9 NCRD/GalNAcα1-3GalNAcβ1-3Gal complex (PDB entry 2EAL). This figure is available in black and white in print and in color at Glycobiology online.
BamHI and XhoI, and also into the pET11a vector using NdeI and BamHI. Recombinant proteins were expressed in E. coli BL21 or BL21(DE3) cells. For the GST-fused proteins, the E. coli BL21 lysate was loaded onto a glutathione-Sepharose 4B (GE Healthcare, Waukesha, WI), and the column was washed with TBS. Then, the GST tag was removed with thrombin (Calbiochem, Darmstadt, Germany) on the column overnight at room temperature. The cleaved proteins were eluted from the column, and purified on a lactose-agarose column (Seikagaku, Tokyo, Japan). For the other proteins, the lysate was loaded onto a lactose-agarose column to purify the sample. The recombinant human galectin-1 Cys to Ser mutant (CS3) was also prepared using the E. coli expression system ( pET11a vector, BL21(DE3) strain) as described previously (Nishi et al. 2008) .
Natural skin galectins were collected from a piece of skin from a X. laevis that was knocked out in ice water. The skin was soaked in an adrenaline solution (1 mg/mL adrenaline, 20 mM Tris-HCl, pH 7.5, 0.15 M NaCl) and then incubated for 20 min at room temperature. The skin was removed and the secretion was centrifuged at 2000 rpm for 5 min. The supernatant was additionally centrifuged at 15,000 rpm for 10 min, and then loaded onto a lactose-agarose column to purify the protein.
Crystallization and data collection
Protein samples for crystallography were prepared with 20 mM Tris-HCl ( pH 7.2), 50 mM NaCl, 10 mM lactose (only for xgalectin-Ib), and 1-2 mM DTT. First, xgalectin-Va and -Ib were subjected to the initial screening using Crystal Screen I and II, PEG/ION Screen I and II, Index, SaltRx, Grid Screen Sodium Malonate (Hampton, CA), Wizard I and II (Emerald BioSystems, Washington) and PGA screen (Molecular Dimensions, Suffolk, UK) kits. Large single crystals of xgalectin-Va were obtained with a reservoir solution containing 2.4 M sodium malonate ( pH 5.0) by the sitting drop method at 293 K. Single crystals of xgalectin-Ib were obtained with a reservoir solution containing 0.1 M MES (pH 6.0), 0.2 M ammonium sulfate and 34% polyethylene glycol 3350.
Data were collected with an R-AXIS VII system on a Rigaku MicroMax007HF rotating anode (CuKα) X-ray generator with ValiMax optics (40 kV, 30 mA) (Rigaku, Tokyo, Japan) at a wavelength of 1.5418 Å and 100 K. A crystal of xgalectin-Ib was soaked in a solution containing 30% (v/v) ethylene glycol. All data were processed with the HKL2000 system (Otwinowski and Minor 1997) and the Crystalclear system (Rigaku).
Structure determination and refinement
The structures were solved by the molecular replacement method, using the program MOLREP (Vagin and Teplyakov 2000) packaged in CCP4 (Collaborative Computational Project, Number 4 1994). The search models used for xgalectin-Va and -Ib were the crystal structures of human galectin-1 (PDB: 1GZW) and xgalectin-Va, respectively. The program REFMAC5 (Murshudov et al. 1997 ) was used for the structure refinement, and COOT (Emsley and Cowtan 2004) was used for the model building. The atomic coordinates and structure factors have been deposited in the Protein Data Bank under accession codes 3WUC (xgalectin-Va) and 3WUD (xgalectin-Ib).
Dynamic light scattering
DLS measurements were carried out using a DynaPro Nanostar and DYNAMICS software (Wyatt Technology, Santa Barbara, CA). The acquisition time was 10 s and the number of acquisitions was 10-15. The acquisitions that showed inadequate baselines were omitted. All measurements were carried out at 293 K. The protein concentration was adjusted to 32 μM with 20 mM Tris-HCl ( pH 7.2), 50 mM NaCl and 0 or 5 mM lactose.
Gel-filtration chromatography
Gel-filtration chromatography was performed using a Superdex 200 pg 16/60 column (GE Healthcare) equilibrated with 20 mM Tris-HCl, 250 mM NaCl, pH 7.2, 10 mM lactose, 0.01% sodium azide at 298 K. A protein solution with a concentration of 32 μM was loaded into a 200-μL sample loop. The flow rate was 0.5 mL/ min, and the eluent was monitored at 280 nm. Chymotrypsinogen A (25 kDa), hen ovalbumin (45 kDa) and bovine serum albumin (68 kDa) were used as the molecular markers.
Chemical cross-linking experiment
Protein samples were incubated with a 25-fold molar excess of BS 3 (Dojindo Laboratories, Kumamoto, Japan) for 30 min at 298 K. The reaction solution contained 8 mM sodium phosphate, 5 mM HEPES and 85 mM NaCl ( pH 7.5). The reaction was stopped by adding Tris-HCl buffer ( pH 8.0) to the final concentration of 40 mM Tris-HCl. Then aliquots of the samples were mixed with SDS-PAGE loading buffer. The amount of the protein loaded on the SDS-PAGE gel was the same for each sample.
Hemagglutination assay
The hemagglutination assay was performed by the method previously described (Nowak et al. 1976 ). Samples were prepared by serial 2-fold dilution in a 96-well microtiter plate, being mixed with 0.1% bovine serum albumin (BSA) and 0.2 mM DTT in phosphate-buffered saline. Glutaraldehyde-fixed trypsin-treated rabbit erythrocytes with 0.1% BSA were added to each well to a final concentration of 2% (v/v). The plate was incubated for 1 h at room temperature. The minimum concentration required for hemagglutination was visually determined.
Fluorescence spectroscopy
Fluorescence spectra were measured using a JASCO FP-6300 (Jasco, Tokyo, Japan). The temperature of the cell holder was kept at 293 K. The excitation wavelength was 280 nm. The fluorescence intensity changes in the range of 320-400 nm were used to obtain a Hill plot. Assuming that each spectrum was composed of two spectra (unbound and bound), the least-square method was used to estimate each unbound-bound ratio (Supplementary data, Figure S3B ). The protein concentration was adjusted to 16 or 32 μM with 10 mM sodium phosphate ( pH 7.0), 50 mM NaCl and 1 mM DTT.
Surface plasmon resonance
Surface plasmon resonance experiments were performed using a BIAcore 2000 instrument (GE Healthcare). Asialofetuin was immobilized on a CM5 sensor chip. Various concentrations of a carbohydrate solution were mixed with 2 μM (xgalectin-Va) or 4 μM (human galectin-1 and xgalectin-Ib) protein in sodium phosphate buffer, pH 7.0, with 0.1 M NaCl, 2 mM DTT and 0.005% P20, and then incubated at room temperature for more than 20 min before measurements. Each sample was loaded at a flow rate of 10 μL/min for 4 min at 298 K.
Sequence alignment and phylogenetic analysis
The amino acid sequences of galectins were retrieved from the NCBI RefSeq database (www.ncbi.nlm.nih.gov/protein/, last accessed April 2, 2015). NCBI accession ID: xgalectin-Va, NP_001079245; xgalectinVb, NP_001079042; xtgalectin-V, NP_001135709; xgalectin-Ia, NP_001079039; xgalectin-Ib, NP_001079744; xtgalectin-I, XP_00 2934260; and human galectin-1, NP_002296. The ID numbers of the galectins used for the phylogenetic analysis are listed in Figure 6 . The amino acid alignment in Figure 8 was performed by checking the superimposition of the crystal structures of xgalectin-Va, -Ib and human galectin-1 (PDB entry 1GZW).
The alignment for the phylogenetic tree construction was performed with ClustalW (clustalw.ddbj.nig.ac.jp/, last accessed April 2, 2015; gap opening penalty 10, gap extension penalty 0.05 and Gonet protein weight matrix). The tree was constructed using the maximum likelihood method in the software MEGA6 (Tamura et al. 2013 ) with the WAG (Whelan and Goldman 2001) + gamma (α = 2.31) + invariant (1.34%) model. The bootstrap values were calculated using 1000 replicates. The subtree-pruning-regrafting method was chosen for the tree searching with the initial tree by NJ/BIONJ. The evolutionary distances were calculated using the program MEGA6 with the JTT (Jones et al. 1992 ) + gamma distribution (α = 3.63) model. The pairwise deletion method was used for the gap treatment.
Supplementary Data
Supplementary data for this article are available online at http://glycob.oxfordjournals.org/.
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